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A B S T R A C T

Aims: Luteolin, a naturally occurring flavonoid, possesses anti-cancer effects including induction of apoptosis.
This study investigated the involvement of osteopontin (OPN) in luteolin-induced apoptosis in human hepato-
cellular carcinoma (HCC) SK-Hep-1 cells with high OPN expression.
Main methods: MTT assay was used to determine the cell viability. Cell cycle analysis was performed to identify
apoptosis. Apoptosis was confirmed by detecting cytoplasmic histone-associated-DNA-fragments using a cell
death detection ELISAPLUS kit. The expression of proteins was evaluated by Western blot. Reverse transcriptase-
polymerase chain reaction was employed to detect the expression of mRNA.
Key findings: Cytotoxic effect of luteolin was higher in cancer cell line SK-Hep-1 cells than in normal cell line
AML12 cells. Luteolin led a significantly increase in apoptosis accompanied by activation of caspase 8, −9 and
−3 and cleavage of poly (ADP-ribose) polymerase (PARP), which was completely blocked by Z-VAD-FMK, a pan
caspase inhibitor. Luteolin significantly downregulated the expression of X-linked inhibitor of apoptosis (XIAP),
Mcl-1 and Bid. Furthermore, luteolin effectively decreased OPN expression at both mRNA and protein level.
Exogenous OPN markedly blocked apoptosis induction, caspases activation, PARP cleavage, downregulation of
XIAP and Mcl-1 in luteolin-treated cells. Luteolin impaired the AKT pathway by inhibiting the phosphorylation
of AKT. SC79, an AKT activator, blocked apoptosis induction, caspases activation, PARP cleavage, down-
regulation of OPN, XIAP, Mcl-1 and Bid in luteolin-treated cells.
Significance: These results demonstrated that luteolin inhibits the AKT/OPN pathway, thereby inducing caspase-
dependent apoptosis in human HCC SK-Hep-1 cells with little toxicity.

1. Introduction

Flavonoids found in fruits, vegetables and medicinal herbs have
beneficial effects to human and animal health through a broad spec-
trum of pharmacological activity including anti-cancer effects [1–3].
Luteolin, a naturally occurring flavonoid, has been used traditionally
for hypertension, inflammatory diseases, and cancer in Chinese. Lu-
teolin possesses several biological activities such as redox modulation,
estrogenic or anti-estrogenic activity, anti-inflammation and anti-
cancer [1]. Anti-cancer effects of luteolin are mediated by inactivating
several cellular signals and transcription pathways that are important
role in cancer progression such as proliferation, angiogenesis and me-
tastasis [4]. Furthermore, luteolin is well known to have an anti-cancer
property by inducing apoptosis through c-Jun activation and histone
H3 acetylation-mediated Fas/FasL expressions [5], antioxidant activity

[6], suppressing mitogen-activated protein kinase, phosphatidylinosi-
tol‑4,5‑bisphosphate 3-kinase (PI3K) [7] and signal transducer and
activator of transcription 3 signaling pathways [8].

The balance between life and death of cells is important for main-
taining tissue homeostasis. Excessive cell proliferation and too little cell
death can contribute to the pathogenesis such as cancer [9,10]. Apop-
tosis, a type of cell death, has critical roles in the development and
homeostasis of cell population. Apoptotic cells are removed by phago-
cytosis of phagocytes such as macrophages, leading to no inflammation
[11,12]. There are two alternative pathways to induce apoptosis. One is
the intrinsic pathway also known as the mitochondria pathway acti-
vated by intercellular signals, the other is the extrinsic pathway also
known as the death receptor pathway activated by extracellular signals
[9,13]. Caspase family proteases are key factors in both two apoptotic
pathways and trigger characteristic apoptotic morphology such as cell
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shrinkage, membrane blebbing, chromatin condensation, DNA frag-
mentation and apoptotic body formation [14,15].

Osteopontin (OPN) is an extracellular matrix-associated, cytokine-
like, noncollagenous, sialic acid rich phosphoglycoprotein [16]. OPN
regulates various cancer signaling pathways by binding to its cell sur-
face receptors integrins and CD44, leading to upregulation of several
oncogenic molecules that are involved in tumor growth, angiogenesis
and metastasis [16–18]. Previous studies demonstrated that OPN

induced cancer cell invasion through cofilin inactivation mediated by
the focal adhesion kinase/PI3K/AKT/Rho-associated kinase pathway
[19–21]. Furthermore, high OPN expression is correlated with malig-
nant transformation, pathological stage and poor outcomes such as
lower overall and disease-free survival in several forms of cancer pa-
tients [22,23], suggesting that OPN may be clinically used as a prog-
nostic and diagnostic biomarker for cancers [24,25]. Few studies re-
ported anti-apoptotic effects of OPN on chemotherapy-induced
apoptosis [26,27]. OPN knockdown using siRNA [28] and OPN-specific
antibody [29] elevated apoptosis in cancer cells. Therefore, OPN is a
promising target for successful treatment of cancer. However, the role
of OPN in regulating apoptosis is not yet fully elucidated. Thus, this
study investigated the molecular mechanism underlying the effect of
luteolin on apoptosis focusing on the involvement of OPN in human
hepatocellular carcinoma (HCC) SK-Hep-1 cells, which express high
level of OPN.

2. Materials and methods

2.1. Cell culture

Human HCC SK-Hep-1 cells (high OPN expression) and mouse
normal hepatocyte AML12 cells were obtained from Korea Cell Line
Bank (KCLB, Seoul) and ATCC (Manassas, VA), respectively and
maintained in DMEM with 10% fetal bovine serum (FBS) and 1% an-
tibiotics in a humidified atmosphere of 5% CO2 at 37 °C. Human
prostate cancer PC-3 cells and human prostate normal RWPE-1 cells
were obtained from Korea Cell Line Bank (KCLB, Seoul) and ATCC
(Manassas, VA), respectively and maintained in RPMI1640 with 10%
FBS and 1% antibiotics in a humidified atmosphere of 5% CO2 at 37 °C.

2.2. Cell viability assay

Cells (2× 104) were seeded in a 96-well plate, cultured for 24 h,
and treated with various concentrations (20, 40, 60 and 80 μM) of lu-
teolin (Fig. 1A, Sigma-Aldrich, St Louis, MO) in serum-free media for
24 h. The effects of luteolin on the viability of SK-Hep-1 cells and
AML12 cells were measured by

Fig. 1. Luteolin decreases the viability of SK-Hep-1
cells. (A) Chemical structure of luteolin. SK-Hep-1
cells, AML12 cells (B), PC-3 cells and RWPE-1 cells
(C) were treated with various concentrations of lu-
teolin (20, 40, 60, 80 μM) for 24 h and cell viability
was determined by MTT assay. Data are expressed as
mean ± SD from three independent experiments.
n= 9. Results were statistically calculated by
Student's t-test. ***p < 0.001 vs. untreated control.
##p < 0.01 and ###p < 0.001 vs. SK-Hep-1 cells.
+++p < 0.001 vs. PC-3 cells.

Table 1
Antibodies used in this study.

Antibody Company Dilution Product no.

cleaved-caspase 3 CST 1:1000 9664
cleaved-caspase 8 CST 1:1000 9496
cleaved-caspase 9 CST 1:1000 7237
cleaved-PARP CST 1:2000 5625
XIAP CST 1:1000 2045
Mcl-1 CST 1:1000 5453
Bid Santa Cruz 1:1000 sc-373939
OPN Santa Cruz 1:1000 sc-21742
β-actin Sigma-Aldrich 1:20,000 A5316
phospho-AKT CST 1:2000 4060
AKT CST 1:2000 4691
goat anti-rabbit IgG-HRP CST 1:5000 7074P2
goat anti-mouse IgG-HRP Bio-Rad 1:5000 STAR120P

CST, Cell Signaling Technology (Beverly, MA); Santa Cruz, Santa Cruz
Biotechnology (Danvers, MA); Sigma-Aldrich (St Louis, MO); Bio-Rad (Langford
Lane, Kidlington).

Table 2
Primers used in this study.

mRNA Primer sequences Size Annealing
temperature

GAPDH S: GCTGATGATCTTGAGGCTGTTGTC
AS: ATGGGGAAGGTGAAGGTCGGAGTC

444 60

OPN S: TTCATAACTGTCTTCCCACGGCT
AS: AGTTTCGCAGACCTGACATCCAGT

161 59
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3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, St Louis, MO) assay as described previously [15]. MTT
solution (1mg/ml) was added for 2 h and then formazan was dissolved
with DMSO (Sigma-Aldrich). The absorbance was detected by micro-
plate reader (Sunrise RC, TECAN, Austria) at 570 nm. Cell viability was
determined as a percentage of the control.

2.3. Cell cycle analysis

Cells (3.7× 105) were seeded on a 6-well plate, treated with lu-
teolin for 24 h and fixed in 70% ethanol at −20 °C overnight. The fixed
cells were washed with PBS and incubated in 200 μl of RNase A solution
(Sigma-Aldrich, 1 mg/ml) in PBS for 1 h at 37 °C. The cells were stained
with 1ml of propidium iodide solution (Sigma-Aldrich, 50 μg/ml) in
PBS for 30min at room temperature (RT). After filtering with 40 μm
strainer, cell populations were analyzed by FACSCalibur flow cytometry
system (Becton Dickinson, Heidelberg, Germany). The Forward scatter/
Side scatter and the Pulse Width/Area were measured to identify single
cells and to exclude cell doublets, respectively. For analysis, the Pulse
Width/Area were gated to gate out obvious debris.

2.4. Detection of apoptotic cell death

Cells (2× 104) were seeded in a 96-well plate and treated with
luteolin for 24 h. Z-VAD-FMK (Adooq BioScience, Irvine, CA) or OPN (R
&D system, Minneapolis, Minnesota) or SC79 (Sigma-Aldrich) was
pretreated for 1 h before luteolin treatment. Apoptotic cell death was
determined using a cell death detection ELISAPLUS kit (Sigma-Aldrich)
according to the manufacturer's protocol. Briefly, the cells were lysed in
200 μl of lysis buffer for 30min at RT and 20 μl of supernatant from cell
lysates were transferred into a streptavidin-coated microplate. After

adding 80 μl of the immunoreagent under gently shaking for 2 h at RT,
the microplate was washed with PBS three times, and then 100 μl of
ABTS solution were pipetted to each well for 10min. The absorbance
was detected by microplate reader (Sunrise RC, TECAN, Austria) at
405 nm after adding 100 μl of stop solution.

2.5. Western blot analysis

Cells (3.7× 105) were seeded on a 6-well plate and treated with
luteolin for 24 h. Z-VAD-FMK or OPN or SC79 was pretreated for 1 h
before luteolin treatment. The cells were lysed in RIPA buffer con-
taining inhibitors for phosphatases and proteases (Thermo Scientific,
Rockford, IL). Total protein lysates (20 μg) were fractionated by 8, 10 or
12% SDS-PAGE gel and transferred onto a nitrocellulose transfer
membrane (Pall Corporation, Port Washington, NY) for 110min at
300mA. The membranes were blocked with 5% nonfat skim milk or 5%
bovine serum albumin for 1 h at RT and then incubated with primary
antibodies at 4 °C overnight followed by specific secondary antibodies
for 2 h at RT. Proteins were detected using an ECL detection kit (GE
Healthcare) and quantified using ImageJ 1.40 g software (National
Institute of Health, Bethesda, MD). The antibodies used in this study are
listed in Table 1.

2.6. Isolation of RNA and reverse transcriptase-polymerase chain reaction
(RT-PCR)

Cells (3.7× 105) were seeded on a 6-well plate and treated with
luteolin for 24 h. Total RNA were isolated using a TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer's protocol.
cDNA was synthesized with Oligo dT primers (Bioneer Corporation,
Daejeon) and M-MLV reverse transcriptase (Promega, Madison, WI).

Fig. 2. Luteolin induces caspase-dependent apoptosis in SK-Hep-1 cells. Cells were treated with luteolin for 24 h. (A) Cell cycle analysis was performed after PI
staining by flow cytometry system. (B) Apoptotic cell death was evaluated using a cell death detection ELISAPLUS kit. n= 9. (C) Total protein lysates analyzed by
western blot using specific antibodies. β-actin is a loading control. Cells were pretreated with Z-VAD-FMK for 1 h and then treated with luteolin for 24 h. (D)
Apoptotic cell death was evaluated using a cell death detection ELISAPLUS kit. n= 9. (E) Total protein lysates analyzed by western blot using specific antibodies. β-
actin is a loading control. Data are expressed as mean ± SD from three independent experiments. Results were statistically calculated by Student's t-test.
***p < 0.001 vs. untreated control. ###p < 0.001 vs. luteolin-treated control.
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PCR was performed using EconoTaq PLUS GREEN 2× Master mix
(Lucigen, Middleton, WI) according to the manufacturer's protocol. The
PCR products were detected on 2% agarose gels and quantified using
ImageJ 1.40 g software (National Institute of Health). The primers used
in this study are listed in Table 2.

2.7. Statistical analysis

All data are expressed as mean ± SD from three independent ex-
periments. Cell viability assay and apoptotic cell death detection were
conducted in triplicate. Results were statistically calculated by Student's
t-test using Sigma plot software (Systat Software Inc., San Jose, CA).
Values of p < 0.05 were considered significant differences.

3. Results

3.1. Luteolin has little toxicity to normal cells compared with cancer cells

To evaluate the cytotoxic effect of luteolin on cancer cells and
normal cells, human HCC SK-Hep-1 cells and mouse normal hepatocyte
AML12 cells were treated with luteolin, respectively. After 24 h in-
cubation, MTT assay was carried out. Luteolin significantly decreased
the viability of SK-Hep-1 cells and PC-3 cells in a dose-dependent
manner. However, cytotoxic effect of luteolin is higher in cancer cell
line than in normal cell line, which is statistically significant (Fig. 1B).
To confirm this effect, MTT assay was performed in human prostate
cancer PC-3 cells and human prostate normal RWPE-1 cells after

luteolin treatment for 24 h. As expected, luteolin was less toxic to
normal cells compared with cancer cells (Fig. 1C). These results in-
dicated that luteolin may be a good anti-cancer agent with little toxi-
city.

3.2. Luteolin induces caspase-dependent apoptosis in SK-Hep-1 cells

To identify whether the cytotoxic effect of luteolin on SK-Hep-1 cells
is relative to apoptosis, cell cycle analysis was performed in luteolin-
treated cells for 24 h. Apoptotic cell population, sub-G1, was increased
by 7.1, 10.3 and 23.1% at 20, 40, and 80 μM of luteolin, respectively,
compared with control (3.9%) (Fig. 2A). To confirm apoptotic effect of
luteolin, apoptosis index was calculated under the same condition using
a cell death detection ELISA kit. As shown in Fig. 2B, luteolin led to a
significant increase in apoptosis in a dose-dependent manner. These
results demonstrated that luteolin induces apoptosis in SK-Hep-1 cells.

To explore the role of luteolin in inducing apoptosis, caspases and
PARP were detected by western blot after 24 h treatment with luteolin
in SK-Hep-1 cells. Luteolin dramatically elevated cleaved-caspase 8,−9
and −3, and cleaved-PARP indicating an activation of caspases
(Fig. 2C). To further investigate whether luteolin-activated caspases
triggers apoptosis, cell death detection and western blot were assessed
after luteolin or/and Z-VAD-FMK, a pan caspase inhibitor, treatment.
Cell death detection results showed that apoptosis was significantly
increased by 40 μM of luteolin, which was strikingly decreased by
100 μM of Z-VAD-FMK (Fig. 2D). Also, western blot results showed that
luteolin activated caspase 8,−9 and−3 followed by cleavage of PARP,

Fig. 3. Luteolin downregulates XIAP and Mcl-1, and cleaves Bid in SK-Hep-1 cells. Cells were treated with luteolin for 24 h. Total protein lysates analyzed by western
blot using specific antibodies. β-actin is a loading control. Data are expressed as mean ± SD from three independent experiments. n=3. Results were statistically
calculated by Student's t-test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. untreated control.
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which was completely blocked by Z-VAD-FMK treatment (Fig. 2E).
These results verified that luteolin induces apoptosis, which is caspase-
dependent pathway in SK-Hep-1 cells.

3.3. Luteolin downregulates XIAP and Mcl-1, and cleaves Bid in SK-Hep-1
cells

To further delineate the apoptotic effect of luteolin, western blot
was conducted to estimate the expression of apoptosis-related proteins
such as inhibitor of apoptosis protein family (IAP, XIAP and survivin),
anti-apoptotic B-cell lymphoma-2 (Bcl-2) family proteins (Mcl-1 and
Bcl-2) and pro-apoptotic bcl-2 family proteins (Bid and Bax) after lu-
teolin treatment for 24 h. There is no significant difference between
control cells and luteolin-treated cells in the expression of survivin, Bcl-
2 and Bax (data not shown). However, luteolin significantly down-
regulated the expression of XIAP and Mcl-1, and cleaved Bid in a dose-
dependent manner (Fig. 3). These results demonstrated that luteolin-
induced apoptosis is associated with IAP and Bcl-2 family.

3.4. Luteolin induces apoptosis by inhibiting OPN expression in SK-Hep-1
cells

Since SK-Hep-1 cells express high level of OPN, to explore whether
luteolin affects OPN expression to induce apoptosis, cells were treated
with luteolin for 24 h and then mRNA level and protein level for OPN
were detected by RT-PCR and western blot, respectively. As shown in
Fig. 4A and B, luteolin significantly downregulated OPN expression at
mRNA and protein level in a dose-dependent manner. To examine the
involvement of OPN in luteolin-induced apoptosis, cells were treated

with 5 nM of exogenous OPN for 1 h before luteolin treatment for 24 h
and then cell death detection and western blot were analyzed. Cell
death detection results showed that apoptosis was significantly elevated
in luteolin-treated cells, which was decreased by OPN treatment
(Fig. 4C). Western blot results showed that luteolin activated caspase 8,
−9 and −3 followed by cleavage of PARP, which was dramatically
blocked by OPN treatment (Fig. 4D). Furthermore, luteolin down-
regulated the protein expression of XIAP and Mcl-1 and Bid, which was
significantly rescued by OPN but not Bid (Fig. 4E). These results re-
vealed that OPN has a protective effect against apoptosis induced by
luteolin indicating that luteolin induces apoptosis by inhibiting OPN
expression.

3.5. Luteolin induces apoptosis by inhibiting the AKT/OPN pathway in SK-
Hep-1 cells

To investigate the effect of luteolin on the AKT pathway, cells were
treated with 40 μM of luteolin for 1, 2 and 24 h and phospho-AKT and
AKT were detected by western blot. Luteolin effectively decreased the
AKT phosphorylation in a time-dependent manner, whereas total AKT
remained unchanged (Fig. 5A). To evaluate the role of the AKT pathway
in luteolin-induced apoptosis, cells were treated with 1 μg/ml of SC79,
an AKT activator, for 1 h before luteolin treatment for 24 h and then cell
death detection and western blot were carried out. Luteolin caused a
significant decrease in OPN protein expression, which was significantly
rescued after SC79 treatment (Fig. 5B). This result indicated that AKT is
one of the upstream signaling molecules of OPN and luteolin down-
regulated OPN expression by inhibiting AKT activity. Cell death de-
tection results showed that apoptosis was significantly induced in

Fig. 4. Luteolin induces apoptosis by inhibiting OPN expression in SK-Hep-1 cells. Cells were treated with luteolin for 24 h. (A) OPN mRNA level was analyzed by RT-
PCR. GAPDH is a loading control. n= 3. (B) Total protein lysates analyzed by western blot using specific antibodies. β-actin is a loading control. Cells were
pretreated with OPN for 1 h and then treated with luteolin for 24 h. n= 3. (C) Apoptotic cell death was evaluated using a cell death detection ELISAPLUS kit. n= 9. (D
and E) Total protein lysates analyzed by western blot using specific antibodies. β-actin is a loading control. Data are expressed as mean ± SD from three independent
experiments. n=3. Results were statistically calculated by Student's t-test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. untreated control. #p < 0.05 and
##p < 0.01 vs. luteolin-treated control. N.S.: not significant.
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luteolin-treated cells, which was blocked by SC79 treatment (Fig. 5C).
Western blot results showed that luteolin activated caspase 8, −9 and
−3, and cleavaged PARP, which was decreased by SC79 treatment
(Fig. 5D). Furthermore, luteolin downregulated the protein expression
of XIAP and Mcl-1 and Bid, which was significantly rescued by SC79
(Fig. 5E). These results demonstrated that luteolin-induced apoptosis
results from inhibiting the AKT/OPN pathway.

4. Discussion

Luteolin is a flavonoid found in fruits, vegetables and medicinal
herbs [1]. Although luteolin is well-known to induce apoptosis in var-
ious types of cancers [6–8], the involvement of OPN in luteolin-induced
apoptosis is not well defined. This study investigated the molecular
mechanism underlying the effect of luteolin on apoptosis focusing on
the role of OPN in human HCC SK-Hep-1 cells with high level of OPN.

In this study, luteolin strikingly induced apoptosis in HCC with little
toxicity to normal cells. It means that the side effects of luteolin may be
less. The development of compounds with low toxicity is an essential
part of cancer therapies. [15,30]. Apoptosis is initiated through ex-
trinsic and intrinsic pathways [9,13]. Both apoptotic pathways activate
caspase family proteases, which are key regulators in apoptosis. In-
itiator caspases 8 and −9 are activated by extrinsic and intrinsic
pathways, respectively, which in turn activate executioner caspase 3
followed by the cleavage of their substrates such as PARP [14,31]. In
this study, luteolin activated caspase 8, −9 and −3, and cleaved PARP.
Z-VAD-FMK treatment indicated that caspase activation is a crucial step
in luteolin-induced apoptosis. These results indicated that luteolin-in-
duced apoptosis is involved in both extrinsic and intrinsic apoptotic

pathways, which is caspase-dependent.
Members of IAP such as XIAP and survivin block the activation of

caspase 9 and −3, thereby inhibiting apoptosis [32,33]. Patients with
high expression of either XIAP or survivin showed resistance to che-
motherapy and shorter median survival time compared to patients with
normal expression of either these [34]. Suppressing XIAP and survivin
expression can sensitize cancer cells to apoptosis [35,36] Previous study
reported that luteolin reduces survivin expression [37], whereas this
study observed that luteolin downregulates only XIAP expression but
not survivin (data not shown).

Bcl-2 family proteins have either pro-apoptotic family members
such as Bax, Bak, Bim and Bid or anti-apoptotic family members such as
Bcl-2, Mcl-1 and Bcl-XL. These regulate apoptosis through the intrinsic
pathway involving in caspases 9 and −3 activation [38,39]. Previous
study showed that luteolin upregulates Bax expression and down-
regulates Bcl-2 expression [6,7,37] to induce apoptosis, whereas this
study showed no significant effect on these proteins in luteolin-treated
cells compared with non-treated cells (data not shown). Luteolin ef-
fectively inhibited Mcl-1 expression and cleaved Bid. Bid is cleaved by
active caspase 8 from extrinsic pathway and translocates to the mi-
tochondria, which in turn promotes intrinsic pathway [38,40]. Taken
together, luteolin communicates two apoptotic pathways through Bid.

OPN is a secreted glycophosphoprotein overexpressed in several
tumor types [41] and plays vital roles in cancer progression such as
tumor growth, survival, metastasis and angiogenesis [16–18]. OPN is
correlated with inducing cell proliferation and inhibiting apoptosis
[28]. OPN antagonized imatinib-induced apoptosis through the upre-
gulation of Mcl-1 mediated by β-catenin [26]. This study revealed that
luteolin downregulated OPN mRNA and protein levels. Luteolin-

Fig. 5. Luteolin induces apoptosis by inhibiting the AKT/OPN pathway in SK-Hep-1 cells. (A) Cells were treated with luteolin for 1, 2 and 24 h. Total protein lysates
analyzed by western blot using specific antibodies. Cells were pretreated with SC79 for 1 h and then treated with luteolin for 24 h. n=3. (B) Total protein lysates
analyzed by western blot using specific antibodies. β-actin is a loading control. n= 3. (C) Apoptotic cell death was evaluated using a cell death detection ELISAPLUS

kit. n= 9. (D and E) Total protein lysates analyzed by western blot using specific antibodies. β-actin is a loading control. Data are expressed as mean ± SD from
three independent experiments. n= 3. Results were statistically calculated by Student's t-test. **p < 0.01 and ***p < 0.001 vs. untreated control. #p < 0.05 and
##p < 0.01 vs. luteolin-treated control.
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induced apoptosis process including activation of caspases and down-
regulation of XIAP and Mcl-1 is blocked by OPN treatment, indicating
anti-apoptotic effects of OPN. These results demonstrated that down-
regulation of OPN expression is required for inducing apoptosis by lu-
teolin.

The AKT pathway is a signaling transduction pathway that regulates
multiple cellular processes such as cell survival, proliferation, apop-
tosis, invasion, metastasis and angiogenesis [42–44]. This pathway
promotes cell survival through upregulation of Bcl-xL and Bcl-2, and
blocks apoptosis through caspase 9 phosphorylation, preventing a cas-
pase cascade and Mdm2 phosphorylation, suppressing p53 activity
[43,45]. Active AKT upregulates OPN expression in RNA and protein
levels [46]. In this study, downregulation of OPN expression by luteolin
is due to impairing the AKT activity. Luteolin-inhibited OPN expression
was elevated by activating the AKT pathway by SC79 treatment. Also,
the AKT pathway blocked luteolin-induced apoptosis process including
activation of caspases and downregulation of XIAP and Mcl-1, and
cleavage of Bid, indicating anti-apoptotic effects of the AKT pathway.
These results identified that luteolin induced-apoptosis is mediated by
inhibiting the AKT/OPN pathway.

5. Conclusion

This study verified that luteolin induces caspase-dependent apop-
tosis in human HCC SK-Hep-1 cells, which is triggered by both extrinsic
and intrinsic pathways. However, luteolin shows slight cytotoxicity to
normal cells. Luteolin downregulates the apoptosis-related protein ex-
pression of XIAP and Mcl-1, and cleaves Bid. The AKT/OPN pathway is
closely associated with not only the expression of apoptosis-related
proteins but also the activation of caspases. Luteolin-induced apoptosis
results from inhibiting the AKT/OPN pathway. These results provide
new insight into the involvement of OPN in luteolin-induced apoptosis
and suggest that luteolin may be an attractive therapeutic strategy to
treat cancers that express high level of OPN with little toxicity.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgments

This research was supported by the Basic Science Research Program
(NRF-2015R1A1A3A04027680) through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT &
Future Planning (MSIP).

References

[1] Y. Lin, R. Shi, X. Wang, H.M. Shen, Luteolin, a flavonoid with potential for cancer
prevention and therapy, Curr. Cancer Drug Targets 8 (2008) 634–646.

[2] C.J. Weng, G.C. Yen, Flavonoids, a ubiquitous dietary phenolic subclass, exert ex-
tensive in vitro anti-invasive and in vivo anti-metastatic activities, Cancer
Metastasis Rev. 31 (2012) 323–351.

[3] D. Ravishankar, A.K. Rajora, F. Greco, H.M. Osborn, Flavonoids as prospective
compounds for anti-cancer therapy, Int. J. Biochem. Cell Biol. 45 (2013)
2821–2831.

[4] M.J. Tuorkey, Molecular targets of luteolin in cancer, Eur. J. Cancer Prev. 25 (2016)
65–76.

[5] S.W. Wang, Y.R. Chen, J.M. Chow, M.H. Chien, S.F. Yang, Y.C. Wen, W.J. Lee,
T.H. Tseng, Stimulation of Fas/FasL-mediated apoptosis by luteolin through en-
hancement of histone H3 acetylation and c-Jun activation in HL-60 leukemia cells,
Mol. Carcinog. 57 (2018) 866–877.

[6] K.A. Kang, M.J. Piao, Y.S. Ryu, Y.J. Hyun, J.E. Park, K. Shilnikova, A.X. Zhen,
H.K. Kang, Y.S. Koh, Y.J. Jeong, J.W. Hyun, Luteolin induces apoptotic cell death
via antioxidant activity in human colon cancer cells, Int. J. Oncol. 51 (2017)
1169–1178.

[7] X. Lu, Y. Li, X. Li, H.A. Aisa, Luteolin induces apoptosis in vitro through suppressing
the MAPK and PI3K signaling pathways in gastric cancer, Oncol. Lett. 14 (2017)
1993–2000.

[8] K. Selvendiran, H. Koga, T. Ueno, T. Yoshida, M. Maeyama, T. Torimura, H. Yano,
M. Kojiro, M. Sata, Luteolin promotes degradation in signal transducer and

activator of transcription 3 in human hepatoma cells: an implication for the anti-
tumor potential of flavonoids, Cancer Res. 66 (2006) 4826–4834.

[9] F.H. Igney, P.H. Krammer, Death and anti-death: tumour resistance to apoptosis,
Nat. Rev. Cancer 2 (2002) 277–288.

[10] D. Hanahan, R.A. Weinberg, The hallmarks of cancer, Cell 100 (2000) 57–70.
[11] P. Saikumar, Z. Dong, V. Mikhailov, M. Denton, J.M. Weinberg,

M.A. Venkatachalam, Apoptosis: definition, mechanisms, and relevance to disease,
Am. J. Med. 107 (1999) 489–506.

[12] C.Z. Han, K.S. Ravichandran, Metabolic connections during apoptotic cell engulf-
ment, Cell 147 (2011) 1442–1445.

[13] S. Elmore, Apoptosis: a review of programmed cell death, Toxicol. Pathol. 35 (2007)
495–516.

[14] T.J. Fan, L.H. Han, R.S. Cong, J. Liang, Caspase family proteases and apoptosis, Acta
Biochim. Biophys. Sin. 37 (2005) 719–727.

[15] E. Im, C. Yeo, H.J. Lee, E.O. Lee, Dihydroartemisinin induced caspase-dependent
apoptosis through inhibiting the specificity protein 1 pathway in hepatocellular
carcinoma SK-Hep-1 cells, Life Sci. 192 (2018) 286–292.

[16] M. Ahmed, R. Behera, G. Chakraborty, S. Jain, V. Kumar, P. Sharma, A. Bulbule,
S. Kale, S. Kumar, R. Mishra, R. Raja, S. Saraswati, R. Kaur, G. Soundararajan,
D. Kumar, D. Thorat, M. Sanyal, A. Ramdasi, P. Ghosh, G.C. Kundu, Osteopontin: a
potentially important therapeutic target in cancer, Expert Opin. Ther. Targets 15
(2011) 1113–1126.

[17] S. Jain, G. Chakraborty, A. Bulbule, R. Kaur, G.C. Kundu, Osteopontin: an emerging
therapeutic target for anticancer therapy, Expert Opin. Ther. Targets 11 (2007)
81–90.

[18] H. Rangaswami, A. Bulbule, G.C. Kundu, Osteopontin: role in cell signaling and
cancer progression, Trends Cell Biol. 16 (2006) 79–87.

[19] C.G. Kang, H.J. Han, H.J. Lee, S.H. Kim, E.O. Lee, Rho-associated kinase signaling is
required for osteopontin-induced cell invasion through inactivating cofilin in
human non-small cell lung cancer cell lines, Bioorg. Med. Chem. Lett. 25 (2015)
1956–1960.

[20] C.G. Kang, H.J. Lee, S.H. Kim, E.O. Lee, Zerumbone suppresses Osteopontin-induced
cell invasion through inhibiting the FAK/AKT/ROCK pathway in human non-small
cell lung Cancer A549 cells, J. Nat. Prod. 79 (2016) 156–160.

[21] C.G. Kang, E. Im, H.J. Lee, E.O. Lee, Plumbagin reduces osteopontin-induced in-
vasion through inhibiting the Rho-associated kinase signaling pathway in A549
cells and suppresses osteopontin-induced lung metastasis in BalB/c mice, Bioorg.
Med. Chem. Lett. 27 (2017) 1914–1918.

[22] G.F. Weber, G.S. Lett, N.C. Haubein, Osteopontin is a marker for cancer aggres-
siveness and patient survival, Br. J. Cancer 103 (2010) 861–869.

[23] M.K. El-Tanani, F.C. Campbell, V. Kurisetty, D. Jin, M. McCann, P.S. Rudland, The
regulation and role of osteopontin in malignant transformation and cancer,
Cytokine Growth Factor Rev. 17 (2006) 463–474.

[24] J. Cheng, W. Wang, C. Sun, M. Li, B. Wang, Y. Lv, Meta-analysis of the prognostic
and diagnostic significance of serum/plasma osteopontin in hepatocellular carci-
noma, J. Clin. Gastroenterol. 48 (2014) 806–814.

[25] D. Coppola, M. Szabo, D. Boulware, P. Muraca, M. Alsarraj, A.F. Chambers,
T.J. Yeatman, Correlation of osteopontin protein expression and pathological stage
across a wide variety of tumor histologies, Clin. Cancer Res. 10 (2004) 184–190.

[26] K.H. Hsu, H.W. Tsai, P.W. Lin, Y.S. Hsu, P.J. Lu, Y.S. Shan, Anti-apoptotic effects of
osteopontin through the up-regulation of Mcl-1 in gastrointestinal stromal tumors,
World J. Surg. Oncol. 12 (2014) 189.

[27] M. Zahed Panah, M. Nikbakht, S.M. Sajjadi, S. Rostami, A.H. Norooznezhad,
H. Kamranzadeh Fumani, A. Ghavamzadeh, S. Mohammadi, Anti-apoptotic effects
of Osteopontin via the up-regulation of AKT/mTOR/beta-catenin loop in acute
myeloid leukemia cells, Int. J. Hematol. Oncol. Stem Cell Res. 11 (2017) 148–157.

[28] S. Saleh, D.E. Thompson, J. McConkey, P. Murray, R.A. Moorehead, Osteopontin
regulates proliferation, apoptosis, and migration of murine claudin-low mammary
tumor cells, BMC Cancer 16 (2016) 359.

[29] R.H. Huang, Y.J. Quan, J.H. Chen, T.F. Wang, M. Xu, M. Ye, H. Yuan, C.J. Zhang,
X.J. Liu, Z.J. Min, Osteopontin promotes cell migration and invasion, and inhibits
apoptosis and autophagy in colorectal Cancer by activating the p38 MAPK signaling
pathway, Cell. Physiol. Biochem. 41 (2017) 1851–1864.

[30] H.S. Ko, H.J. Lee, S.H. Kim, E.O. Lee, Piceatannol suppresses breast cancer cell
invasion through the inhibition of MMP-9: involvement of PI3K/AKT and NF-
kappaB pathways, J. Agric. Food Chem. 60 (2012) 4083–4089.

[31] D.R. McIlwain, T. Berger, T.W. Mak, Caspase functions in cell death and disease,
Cold Spring Harb. Perspect. Biol. 7 (2015).

[32] M. Holcik, R.G. Korneluk, XIAP, the guardian angel, Nat. Rev. Mol. Cell Biol. 2
(2001) 550–556.

[33] P.K. Jaiswal, A. Goel, R.D. Mittal, Survivin: a molecular biomarker in cancer, Indian
J. Med. Res. 141 (2015) 389–397.

[34] A.M. Ibrahim, I.M. Mansour, M.M. Wilson, D.A. Mokhtar, A.M. Helal, H.M. Al
Wakeel, Study of survivin and X-linked inhibitor of apoptosis protein (XIAP) genes
in acute myeloid leukemia (AML), Lab. Hematol. 18 (2012) 1–10.

[35] L. Fan, G. Sun, T. Ma, F. Zhong, W. Wei, Melatonin overcomes apoptosis resistance
in human hepatocellular carcinoma by targeting survivin and XIAP, J. Pineal Res.
55 (2013) 174–183.

[36] B. Fei, A.L. Chi, Y. Weng, Hydroxycamptothecin induces apoptosis and inhibits
tumor growth in colon cancer by the downregulation of survivin and XIAP ex-
pression, World J. Surg. Oncol. 11 (2013) 120.

[37] Y. Wang, D. Kong, X. Wang, X. Dong, Y. Tao, H. Gong, Molecular mechanisms of
luteolin induced growth inhibition and apoptosis of human osteosarcoma cells, Iran
J. Pharm. Res. 14 (2015) 531–538.

[38] R.J. Youle, A. Strasser, The BCL-2 protein family: opposing activities that mediate
cell death, Nat. Rev. Mol. Cell Biol. 9 (2008) 47–59.

E. Im et al. Life Sciences 209 (2018) 259–266

265

http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0005
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0005
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0010
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0010
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0010
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0015
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0015
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0015
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0020
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0020
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0025
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0025
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0025
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0025
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0030
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0030
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0030
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0030
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0035
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0035
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0035
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0040
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0040
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0040
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0040
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0045
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0045
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0050
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0055
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0055
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0055
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0060
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0060
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0065
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0065
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0070
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0070
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0075
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0075
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0075
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0080
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0080
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0080
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0080
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0080
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0085
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0085
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0085
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0090
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0090
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0095
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0095
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0095
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0095
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0100
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0100
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0100
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0105
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0105
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0105
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0105
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0110
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0110
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0115
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0115
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0115
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0120
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0120
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0120
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0125
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0125
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0125
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0130
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0130
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0130
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0135
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0135
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0135
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0135
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0140
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0140
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0140
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0145
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0145
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0145
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0145
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0150
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0150
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0150
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0155
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0155
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0160
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0160
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0165
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0165
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0170
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0170
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0170
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0175
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0175
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0175
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0180
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0180
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0180
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0185
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0185
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0185
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0190
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0190


[39] S. Cory, J.M. Adams, The Bcl2 family: regulators of the cellular life-or-death switch,
Nat. Rev. Cancer 2 (2002) 647–656.

[40] S.N. Shelton, M.E. Shawgo, J.D. Robertson, Cleavage of Bid by executioner caspases
mediates feed forward amplification of mitochondrial outer membrane permeabi-
lization during genotoxic stress-induced apoptosis in Jurkat cells, J. Biol. Chem. 284
(2009) 11247–11255.

[41] G. Chakraborty, S. Jain, R. Behera, M. Ahmed, P. Sharma, V. Kumar, G.C. Kundu,
The multifaceted roles of osteopontin in cell signaling, tumor progression and an-
giogenesis, Curr. Mol. Med. 6 (2006) 819–830.

[42] J.A. Fresno Vara, E. Casado, J. de Castro, P. Cejas, C. Belda-Iniesta, M. Gonzalez-

Baron, PI3K/Akt signalling pathway and cancer, Cancer Treat. Rev. 30 (2004)
193–204.

[43] B.D. Manning, L.C. Cantley, AKT/PKB signaling: navigating downstream, Cell 129
(2007) 1261–1274.

[44] M. Osaki, M. Oshimura, H. Ito, PI3K-Akt pathway: its functions and alterations in
human cancer, Apoptosis 9 (2004) 667–676.

[45] G. Song, G. Ouyang, S. Bao, The activation of Akt/PKB signaling pathway and cell
survival, J. Cell. Mol. Med. 9 (2005) 59–71.

[46] G. Zhang, Z. Huang, R. Shi, Y. Lin, B. Hao, Osteopontin regulation by protein kinase
B (Akt) in HepG2 cells, Exp. Oncol. 28 (2006) 36–39.

E. Im et al. Life Sciences 209 (2018) 259–266

266

http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0195
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0195
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0200
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0200
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0200
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0200
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0205
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0205
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0205
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0210
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0210
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0210
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0215
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0215
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0220
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0220
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0225
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0225
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0230
http://refhub.elsevier.com/S0024-3205(18)30471-5/rf0230

	Luteolin induces caspase-dependent apoptosis via inhibiting the AKT/osteopontin pathway in human hepatocellular carcinoma SK-Hep-1 cells
	Introduction
	Materials and methods
	Cell culture
	Cell viability assay
	Cell cycle analysis
	Detection of apoptotic cell death
	Western blot analysis
	Isolation of RNA and reverse transcriptase-polymerase chain reaction (RT-PCR)
	Statistical analysis

	Results
	Luteolin has little toxicity to normal cells compared with cancer cells
	Luteolin induces caspase-dependent apoptosis in SK-Hep-1 cells
	Luteolin downregulates XIAP and Mcl-1, and cleaves Bid in SK-Hep-1 cells
	Luteolin induces apoptosis by inhibiting OPN expression in SK-Hep-1 cells
	Luteolin induces apoptosis by inhibiting the AKT/OPN pathway in SK-Hep-1 cells

	Discussion
	Conclusion
	Conflicts of interest
	Acknowledgments
	References




